Analysis of high burnup pressurized water reactor fuel using uranium, plutonium, neodymium, and cesium isotope correlations with burnup  by Kim, Jung Suk et al.
ww.sciencedirect.com
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 9 2 4e9 3 3Available online at wScienceDirect
journal homepage: ht tp: / /www.journals .e lsevier .com/nuclear-
engineer ing-and-technology/Technical Note
ANALYSIS OF HIGH BURNUP PRESSURIZED WATER REACTOR
FUEL USING URANIUM, PLUTONIUM, NEODYMIUM, AND
CESIUM ISOTOPE CORRELATIONS WITH BURNUPJUNG SUK KIM*, YOUNG SHIN JEON, SOON DAL PARK, YEONG-KEONG HA, and
KYUSEOK SONG
Nuclear Chemistry Research Division, Korea Atomic Energy Research Institute, Daedeok-daero 989-111, Dukjin-dong, Yuseong-gu, Daejeon
305-353, South Koreaa r t i c l e i n f o
Article history:
Received 13 March 2015
Received in revised form
28 July 2015
Accepted 9 August 2015
Available online 22 October 2015
Keywords:
Burnup determination
High burnup pressurized water
reactor fuel
Isotope dilution mass spectro-
metric method
Isotopic correlation* Corresponding author.
E-mail address: njskim1@kaeri.re.kr (J.S.
This is an Open Access article distribute
creativecommons.org/licenses/by-nc/3.0) wh
dium, provided the original work is properly
http://dx.doi.org/10.1016/j.net.2015.08.002
1738-5733/Copyright © 2015, Published by Ela b s t r a c t
The correlation of the isotopic composition of uranium, plutonium, neodymium, and ce-
sium with the burnup for high burnup pressurized water reactor fuels irradiated in nuclear
power reactors has been experimentally investigated. The total burnup was determined by
Nd-148 and the fractional 235U burnup was determined by U and Pu mass spectrometric
methods. The isotopic compositions of U, Pu, Nd, and Cs after their separation from the
irradiated fuel samples were measured using thermal ionization mass spectrometry. The
contents of these elements in the irradiated fuel were determined through an isotope
dilution mass spectrometric method using 233U, 242Pu, 150Nd, and 133Cs as spikes. The ac-
tivity ratios of Cs isotopes in the fuel samples were determined using gamma-ray spec-
trometry. The content of each element and its isotopic compositions in the irradiated fuel
were expressed by their correlation with the total and fractional burnup, burnup param-
eters, and the isotopic compositions of different elements. The results obtained from the
experimental methods were compared with those calculated using the ORIGEN-S code.
Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society.1. Introduction
To check the consistency of postirradiation analysis results,
for example, mass spectrometric analyses, analytical tech-
niques for chemical measurements, and information
regarding reactor parameters and irradiation conditions, cor-
relations between the parameters of irradiated nuclear fuelsKim).
d under the terms of the
ich permits unrestricted
cited.
sevier Korea LLC on behasuch as the concentrations of heavy elements and fission
products, ratios of their isotopes, and total and fractional
burnups were established [1e16]. Nuclear fuel in a reactor
undergoes a variation in its isotopic composition, that is, the
depletion of the fissile isotopes initially present, buildup of
heavy elements, and buildup of fission products. The intrinsic
coherence of isotopic abundances in irradiated fuels isCreative Commons Attribution Non-Commercial License (http://
non-commercial use, distribution, and reproduction in any me-
lf of Korean Nuclear Society.
Table 1 e Isotopic compositions of the certified spikes.
Spike Isotope Atom%
U-233 99.470
U-234 0.166
233U U-235 0.064
U-236 0.015
U-238 0.282
Pu-238 0.0009
Pu-239 0.0826
Pu-240 0.0108
242Pu Pu-241 0.0009
Pu-242 99.9033
Pu-244 0.0015
Nd-142 0.77
Nd-143 0.39
Nd-144 0.88
150Nd Nd-145 0.34
Nd-146 0.84
Nd-148 0.66
Nd-150 96.13
133Cs Cs-133 100.00
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 9 2 4e9 3 3 925described by correlations observed not only between different
isotopic ratios but also between isotopic ratios and burnup
parameters. These correlations can therefore be used to check
the consistency of the analytical results, and can also be used
to identify reactor fuels and to estimate the burnup and Pu
production. Some of these correlations may also be useful as
safeguards. The isotopic correlations can be divided into three
groups, namely, correlation based on heavy isotopes and el-
ements, stable fission products, and radioactive fission prod-
ucts. Among the elements used in these studies, U, Pu, Nd, Cs,
Eu, Ru, Zr, Kr, and Xe should be mentioned.
The parameters generally used for correlation studies
are as follows: total burnup (Ft),
235U fractional burnup (F5),
235U
depletion (D5), capture to fission ratio of
235U (a5),
239Pu buildup,
Pu/U ratio, U/UO (where UO is the initial U content) ratio, the
fission contributions of 235U, 239Pu, and 241Pu, and some fission
productandheavy-element isotopic ratios in the irradiated fuel.
In this work, the dependencies of U, Pu, Nd, and Cs isotopic
compositions on the burnup and other parameters, and the
correlations between these element isotopes for the pressur-
ized water reactor (PWR) uranium dioxide fuels irradiated to a
high burnup in nuclear power reactors were experimentally
characterized. The isotopic compositions of U, Pu, Nd, and Cs
were determined by thermal ionization mass spectrometry
and gamma-ray spectrometry, and the concentrations of
those elements were determined using the isotope dilution
mass spectrometric (IDMS) method using 233U, 242Pu, 150Nd,
and 133Cs as spikes.Irradiated fuel sample 
Dissolution ONHM8 3
    Dilution ONHM8 3
Sampling 
ˠ-spectrometry 
Spiking 233U, 242Pu, 150Nd, 133 sC
Separation yhpargotamorhcegnahcxenoitacdnanoinA
TIMS/IDMS 
Data processing 
Burnup srotinomepotosisCdnadN
U, Pu, Nd, Cs content 
Isotope ratio 
Fig. 1 e Basic processes in the PIE analytical laboratory.
IDMS, isotope dilution mass spectrometry; PIE, post-
irradiation examination:TIMS, thermal ionization mass
spectrometer.2. Experimental analysis
2.1. Chemicals and instruments
Certified 233U (99.470 atom%) and 150Nd (96.13 atom%) spikes
were obtained fromOak RidgeNational Laboratory (Oak Ridge,
Tennessee, USA). These spike solutions were prepared by
dissolving their oxides in 8MHNO3e0.01MHF. A certified
242Pu
spike solution (99.9033 atom%, IRMM-044) was obtained from
the Institute for Reference Materials and Measurements
(Retieseweg, Geel, Belgium) (Table 1). The 133Cs spike solution
was obtained using monoisotopic standard solutions from
Spex Industries Inc. (Metuchen, New Jersey, USA). NBL CRM
129 U3O8 powder (New Brunswick Laboratory; Argonne, Illi-
nois, USA) and a U standard solution (Spex Industries Inc.)
were used as standard reference materials for the uranium.
Neodymium standard solutions were obtained from Accu-
Trace (NewHaven, Connecticut, USA) and Spex Industries Inc.
The concentrations of spike solutions are as follows:
1,320.0712 mg 233U/mL, 1.0706 mg 242Pu/mL, 1.8922 mg 150Nd/mL,
and 2.0000 mg 133Cs/mL. The isotopic compositions ofU, Pu, Nd,
and Cs in the unspiked and spiked samples were determined
using a thermal ionization mass spectrometer of the Finnigan
MAT 262 type. The activity of gamma emitters for the samples
diluted from the dissolved solutions was measured with a
high-purity Ge coaxial detector (EG & G ORTEC) connected to a
multichannel analyzer. The PWR nuclear fuels used in this
workwere irradiated to a high burnup of between 34GWd/MtU
and 62 GWd/MtU in three power reactors (arbitrarily, A, B, and
C) in Korea for 1,200e1,400 days (EFPDs, effective full-powerdays), with various enrichments of 4.2e4.5 w/o, and then
cooled for about 2 years for postirradiation analyses.
2.2. Irradiated fuel dissolution and sample preparation
The basic processes used in the PIE (post-irradiation exami-
nation) analytical laboratory for the burnup and isotopic
determination are shown in Fig. 1. In a chemical hot cell, the
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 9 2 4e9 3 3926irradiated fuel sample (0.2e0.8 g) was kept in 8M HNO3
without a catalyst for more than 12 hours at approximately
90C. The dissolved fuel solution was weighed and an aliquot
was diluted with 8M HNO3 to give an
148Nd concentration of
approximately 200 ng/mL of solution, calculated using a
reference data provided by the ORIGEN-S code. An aliquot of
the diluted fuel solution was placed in a capped vial and
transferred from the shielded facility into a glove box using a
pneumatic transfer system.
2.3. Separation and mass spectrometric measurement
A chemical separation was carried out for both the unspiked
and spiked sample solutions in a glove box without any heavy
shielding by the sequential anion- and cation-exchange sep-
aration procedures detailed in our previous work [17]. Each
concentrated solution of U, Pu, Nd, and Cs in the range of
microgram to nanogram was loaded onto a triple rhenium
filament and then measured. The mass discrimination bias
factor and the contribution of natural Nd to all the Nd isotopes
measured were corrected [18,19]. The measured atoms of the
radioactive Cs isotopes except 133Cs were corrected for the
decay during and after irradiation according to the equation in
a previous work [17].
2.4. Calculation of the burnup and burnup parameters
The fractional burnup (F5) from the fission of
235U was calcu-
lated using the following equation [20,21]:
F5 ¼ NO8[(RO5/8 e R5/8) e (R6/8 e RO6/8)] (atom% fission) (1)
where:
NO8 ¼ atom% abundance of 238U in the preirradiated fuel
sample;
RO5/8 ¼ atom ratio of 235U to 238U in the preirradiated fuel
sample;
RO6/8 ¼ atom ratio of 236U to 238U in the preirradiated fuel
sample;
R5/8 ¼ atom ratio of 235U to 238U in the postirradiated fuel
sample; and
R6/8 ¼ atom ratio of 236U to 238U in the postirradiated fuel
sample.
The a5, capture-to-fission cross section ratio for
235U, was
calculated using the following equation, with atom ratios and
the number of atoms determined by the IDMS method [22]:
a5 ¼ (ReRO)A5/(P/Y) ¼ captures/fission (2)
where:
R ¼ atom ratio of 236U/235U in the postirradiated fuel;
RO ¼ atom ratio of 236U/235U in the preirradiated fuel
sample;
A5 ¼ number of 235U atoms in the postirradiated fuel
sample;
P¼ number of atoms of the fission productmonitor (148Nd);
and
Y ¼ fission yield for P.The total burnup (Ft) value in atom% fission was calculated
using different Nd isotopemonitors according to the following
equation [18,23]:
Ftðatom% fissionÞ ¼ N=YN=Y þ NðUÞ þNðPuÞ  100 (3)
where:
N ¼ number of atoms of the monitor Nd isotope in the
irradiated fuel solution;
Y ¼ effective fission yield of the monitor Nd isotope from
the fissile elements; and
N(U) and N(Pu) ¼ number of U and Pu atoms in the irradi-
ated fuel solution, respectively.
The Y value is provided by the average weighted fission
yield calculated according to the equations in [24].
Other burnup parameters, D5 (
235U depletion, difference
between the initial and final 235U content in weight), which is
expressed by W5
O/(W5
O e W5), Pu/U (plutonium-to-uranium
ratio in weight), and Nd/U (neodymium-to-uranium ratio in
weight) were also calculated for correlation studies based on
the results determined by IDMS.3. Results and discussion
3.1. Determination of isotopic composition by mass
spectrometry
The contributions of various isobars to the Nd and Cs fractions
were identified bymonitoring themass peaks from 140 to 149,
and from 130 to 138, respectively. In this work, all the
measured average ratios of Nd were corrected for mass
discrimination and the contribution of natural contamination
so as to achieve a high accuracy for the burnup measurement
[18]. Themeasured atoms of the radioactive Cs isotopes (134Cs,
135Cs, and 137Cs) were corrected for decay during and after
irradiation according to the equation in [17]. After the mass
spectrometric measurement and correction for Nd and Cs
isotopes, the concentrations of U, Pu, Nd, and Cs in the sample
solutions were determined by the IDMS method. Tables 2e5
show the contents of U, Pu, Nd, and Cs isotopes for each
milliliter of the sample solutions, which were calculated for
the date of the experiment.
3.2. Determination of the effective fission yield
The established Nd monitor (148Nd, 145Nd þ 146Nd, and the
sum of total Nd isotopes, etc.) methods for determining the
burnup of spent fuel require ameasurement of the amounts of
Nd isotopes formed as fission products as well as those of
uranium and plutonium by IDMS [17,18]. The amounts of
other transuranium elements remaining in the fuel are
generally neglected in a burnup calculation. The successful
application of these methods is influenced by accurate values
of the effective fission yields for each Nd isotope monitors. In
this work, the effective fission yields of the Nd isotope moni-
tors were calculated from the fractional fission yields for each
of the fissionable isotopes weighted according to their
contribution to the fission. The effective fission yield calcu-
lated by thismethod has been adopted for burnup values of up
Table 2 e Quantities of U in the high burnup pressurized water reactor fuel samples determined by the isotope dilution
mass spectrometry.
Isotope Samples (mg)
J-5 J-6 P-5 P-6 P-7 P-8
U-234 0.1305 0.1016 0.0656 0.0549 0.0892 0.0801
U-235 5.1811 4.6302 2.1150 2.2775 5.5757 4.7424
U-236 3.5678 3.8355 2.1966 2.0254 1.8601 2.0702
U-238 527.1622 546.3658 316.5805 290.9439 333.6369 332.4450
Total 536.0416 554.9331 320.9578 295.3018 341.1619 339.3377
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 9 2 4e9 3 3 927to 10 atom% [24], and is being applied in a standard test
method for the burnup determination of uranium and pluto-
nium fuel [18]. The fractional fission yields for each Nd isotope
monitor used data from the ENDF/B-VI file [25]. The concen-
tration of the fissionable isotopes required for the calculation
used the results determined by IDMS. Table 6 shows the
effective fission yields calculated for all Nd isotopes from the
high burnup PWR fuel samples.Table 5 e Quantities of Cs in the high burnup pressurized
water reactor fuel samples determined by the isotope
dilution mass spectrometry.
Isotope Samples (mg)
K-1 K-2 K-3
Cs-133 0.5388 0.4401 0.4726
Cs-134 0.0235 0.0184 0.0160
Cs-135 0.1774 0.1522 0.1862
Cs-137 0.5978 0.4930 0.4934
Total 1.3374 1.1038 1.1682
Table 4 eQuantities of Nd in the high burnup pressurized
water reactor fuel samples determined by the isotope
dilution mass spectrometry.
Isotope Samples (mg)
O-1 O-2 P-1 P-2 J-1 J-2
Nd-143 0.3330 0.4103 0.2987 0.2606 0.2861 0.2981
Nd-144 0.6429 0.8778 0.4375 0.4395 0.6035 0.6031
Nd-145 0.3069 0.3932 0.2428 0.2252 0.2723 0.2779
Nd-146 0.3441 0.4721 0.2473 0.2443 0.3189 0.3218
Nd-148 0.1785 0.2404 0.1323 0.1309 0.1631 0.1645
Nd-150 0.0849 0.1167 0.0619 0.0621 0.0794 0.0789
Total 1.8902 2.5105 1.4205 1.3626 1.7232 1.7444
Table 3 e Quantities of Pu in the high burnup pressurized
water reactor fuel samples determined by the isotope
dilution mass spectrometry.
Isotope Samples (mg)
J-5 J-6 P-5 P-6 P-7 P-8
Pu-238 0.2214 0.2853 0.2211 0.1874 0.0870 0.1132
Pu-239 3.4544 3.6357 2.4344 2.3480 2.0969 2.6267
Pu-240 1.6865 1.8627 1.0844 1.0015 0.7323 0.9457
Pu-241 0.8812 0.9976 0.6985 0.6603 0.3933 0.5817
Pu-242 0.5077 0.6278 0.4362 0.3779 0.1310 0.2161
Total 6.7512 7.4090 4.8747 4.5751 3.4405 4.48353.3. Determination of the burnup and the burnup
parameters
Errors in burnup measurement introduce errors in the fuel
design and operation, nuclear reactor calculations, shielding
requirements, and design of the transportation equipment, all
of which affect the power-generating costs. In 1974, Heck et al
[28] reported a measured thermal neutron capture cross sec-
tion for 147Nd of 440 ± 150 barn. This value was about nine
times larger than previous data. That is, the calculated num-
ber of fissions exceeded the actual number of fissions because
of excess 148Nd being produced from a capture on 147Nd. The
magnitude of this error is a function of the flux and fluence.
This is especially significant for constant prolonged high-flux
irradiations. Maeck et al [26] reported that these corrections
range from a few percent for power reactor fuels to 20% for
high-flux irradiations. Therefore, another approach is to use a
different monitor, such as 145Nd þ 146Nd, because the sum of
145Nd and 146Nd appears to be invariant to the neutron flux
and fluence. In this work, the number of fissions by the 148Nd
monitor was calculated with a correction for the excess 148Nd
produced from the capture on 147Nd, where the correction
factor (K factor) ranging from 0.8006 to 0.9985 was calculated
on the basis of a continuous reactor operation according to
the American Society for Testing and Materials E321-96 stan-
dard [18].
Table 7 shows the total burnup determined by the Nd
isotopemonitors, that is, 148Nd, 145Nd þ 146Nd, and the total of
the Nd isotopes for the high burnup spent fuel samples. The
data obtained using other Nd isotope monitors, 145Nd þ 146Nd,
and the total of the Nd isotopes, are in agreement with an
average difference of 1.5% from that using the 148Nd monitor.
However, the total burnup values obtained by other Nd
isotope monitors for a few samples showed a relative differ-
ence of only approximately 3%with that obtained by the 148Nd
monitor. It is assumed that this error from other Nd isotopeTable 6 e Estimated effective fission yields for the high
burnup pressurized water reactor fuel samples.
Isotope Effective fission yield
O-1 O-2 P-1 P-2 J-5 J-6
Nd-143 5.6355 5.5792 5.7331 5.6646 5.5550 5.5219
Nd-144 5.1518 5.0921 5.2559 5.1831 5.0627 5.0279
Nd-145 3.7471 3.7152 3.8028 3.7639 3.6993 3.6807
Nd-146 2.8999 2.8440 2.9279 2.9085 2.8741 2.8650
Nd-148 1.6840 1.6872 1.6791 1.6828 1.6850 1.6872
Nd-150 0.7348 0.7505 0.7083 0.7272 0.7538 0.7633
Table 7 e Total burnup determined by the Nd isotope
monitor methods for the high burnup pressurized water
reactor fuel samples.
(GWd/MtU)
Nd-148
(A)
Nd-(145 þ 146)
(B)
Nd-Totala
(C)
B/Ab C/Ac
K-4 54.92 ± 1.72 54.93 ± 1.72 54.70 ± 1.71 1.000 0.996
K-5 53.99 ± 1.69 53.76 ± 1.68 53.80 ± 1.68 0.996 0.996
K-6 35.77 ± 1.12 35.77 ± 1.12 35.92 ± 1.12 1.000 1.004
O-1 50.39 ± 1.57 51.22 ± 1.60 50.40 ± 1.58 1.016 1.000
O-2 58.98 ± 1.84 59.70 ± 1.87 58.79 ± 184 1.012 0.997
P-1 38.03 ± 1.19 38.00 ± 1.19 37.67 ± 1.18 0.999 0.991
P-2 44.70 ± 1.40 43.43 ± 1.36 43.49 ± 1.36 0.972 0.973
P-3 54.80 ± 1.71 53.65 ± 1.68 53.49 ± 1.67 0.979 0.976
P-4 62.08 ± 1.94 62.36 ± 1.95 61.96 ± 1.94 1.005 0.998
P-5 58.21 ± 1.82 60.30 ± 1.88 58.65 ± 1.83 1.036 1.008
P-6 57.00 ± 1.78 58.81 ± 1.84 57.82 ± 1.81 1.032 1.014
P-7 33.33 ± 1.04 34.16 ± 1.07 33.52 ± 1.05 1.025 1.006
P-8 40.97 ± 1.28 41.96 ± 1.31 41.37 ± 1.29 1.024 1.010
J-1 52.78 ± 1.65 53.22 ± 1.66 52.86 ± 1.65 1.008 1.002
J-2 51.40 ± 1.61 51.37 ± 1.61 51.11 ± 1.60 0.999 0.994
J-3 52.62 ± 1.64 52.52 ± 1.64 52.25 ± 1.63 0.998 0.993
J-4 44.24 ± 1.38 42.71 ± 1.33 42.76 ± 1.34 0.965 0.967
J-5 49.33 ± 1.54 50.33 ± 1.57 49.73 ± 1.55 1.020 1.008
J-6 53.55 ± 1.67 54.75 ± 1.71 53.98 ± 1.69 1.022 1.008
a 143 þ 144 þ 145 þ 146 þ 148 þ 150.
b Average difference ¼ 1.5%.
c Average difference ¼ 0.9%.
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isobars from natural contamination [27]. The use of other Nd
isotopes in the determination of the total burnup for a nuclear
fuel can be used to verify the value obtained for 148Nd. In
addition, no additional separation work or mass spectro-
metric analysis is necessary.
The aforementioned fractional 235U burnup (F5) and burnup
parameters can be used to identify reactor fuel information, to
estimate the burnup and concentration of different nuclides,
and to detect major systematic errors of postirradiated ana-
lyses. Table 8 shows the F5 values together with the D5 and a5
values, and Pu/U and Nd/U mass ratios in the high burnup
PWR samples. F5 is calculated from Eq. (1) by assuming no loss
of 238U or 236U during irradiation. It is known that Eq. (1) is best
applied at a high exposure, where >10% of 235U is consumed.
a5 is used for the calculation of the ratio of the effective cross
section for the activation and fission of 235U.Table 8 e Determination of some burnup parameters for the h
F5
a D5
b
P-5 3.2362 ± 0.0069 1.1718 ± 0.0016
P-6 3.1230 ± 0.0066 1.2071 ± 0.0016
P-7 2.3977 ± 0.0051 1.5713 ± 0.0021
P-8 2.5714 ± 0.0055 1.4512 ± 0.0019
a F5 (
235U fraction burnup in atom% fission) ¼ NO8[(RO5/8 e R5/8) e (R6/8
b D5 (
235U depletion in weight) ¼ W5O/(W5O eW5).
c Pu-to-U ratio in weight.
d Capture to fission ratio of235U.3.4. Isotope correlations
The relationships between isotopic ratios and burnup values
provide an excellent basis for determining the internal con-
sistency and hence the reliability of the data by chemical
methods. These measured values can be used to provide the
basis for improving the reactor burnup codes. The correlations
between heavy element and fission product isotopes and
burnup parameters show different linear dependences ac-
cording to the enrichment and reactor types. In this work,
PWR fuel samples with initial enrichments from 4.2 wt.% to
4.5 wt.% 235U irradiated in different reactors are used for a
correlation check. The experimental results for the spent fuel
samples in this work were compared with the corresponding
results calculated by the ORIGEN-S computer code. The input
data for the spent fuelswere 16 16 (or 17 17) UO2 fuel types,
18-group SCALE in gamma energy, 27-group ENDF/B-IV in
neutron energy, an initial enrichment of 235U in wt.%, a spe-
cific power (MW/tU), a uranium weight of 1,000,000 g, an
irradiation time (days)/cycle, and an elapsed time (days) after
discharge from a nuclear reactor. Then, as a result of the code
calculation, the data including the contents of radioisotopes
for the actinides (U and Pu) and fission products (Nd and Cs) of
interest are outputted.
3.4.1. Correlation between the burnup and heavy atom
isotopes
The uranium fuel burnout process is characterized by a
depletion of U isotopes (234U, 235U, 238U) and by the formation
of 236U and Pu isotopes. The dependences of Pu composition
on burnup are characterized by a decrease of 239Pu percent
content and an increase of 240Pu, 241Pu, and 242Pu percent
contents. However, the determination of 234U and 238Pu con-
tents suffered from a high error, and thus they are not
considered for constructing the dependence. In our previous
work [15], the linear dependences of U and Pu isotopes on the
total burnup (Ft) in the low burnup PWR fuel samples were
expressed using diagrams and equations. In this work, the
dependences of the total burnup on U and Pu isotopic com-
positions (e.g., the 235U and 236U atom% and the 235U/236U and
242Pu/240Pu atom ratios) determined experimentally in the
high burnup PWR fuel samples are expressed by Eqs. (1)e(4) in
Table 9, respectively. The dependency of 235U atom% on the
total burnup from the experimental data of Reactor B samples
with different initial enrichments of uranium (4.201 wt.% and
4.495 wt.%) is shown in Fig. 2. As a result, the correlationsigh burnup pressurized water reactor fuel samples.
Pu/Uc a5
d
1.519 ± 0.006  102 0.1053 ± 0.0044
1.549 ± 0.006  102 0.1079 ± 0.0045
1.009 ± 0.004  102 0.1513 ± 0.0064
1.321 ± 0.005  102 0.1362 ± 0.0057
e RO6/8)].
Table 9 e Summary of isotope correlations for the high burnup pressurized water reactor fuel samples.
Equation Isotope correlation (Y ¼ a þ bX) Linear dependence
X Y a b r
1 Ft
235U atom% 2.955 0.039 0.964
2 Ft
236U atom% 0.393 0.005 0.974
3 235U/236U (AR) Ft 69.624 12.124 0.971
4 242Pu/240Pu (AR) Ft 15.239 109.030 0.963
5 Ft D5 2.075 0.015 0.970
6 D5
a Pu/U (MR) 0.030 0.012 0.953
7 235U atom% Pu/U (MR) 0.019 0.005 0.934
8 236U atom% Pu/U (MR) 0.010 0.036 0.990
9 D5
235U/238U (AR) 0.024 0.026 0.999
10 D5
236U/238U (AR) 0.011 0.003 0.979
11 235U/238U (AR) F5
b 0.913 38.156 0.999
12 236U/238U (AR) F5 3.299 302.639 0.979
13 235U/236U (AR) F5 0.981 0.199 0.999
14 235U atom% 236U atom% 0.775 0.126 0.970
15 235U/238U (AR) 240Pu/239Pu (AR) 0.569 13.921 0.913
16 Ft
146Nd/145Nd (AR) 0.653 0.009 0.963
17 Ft
148Nd/145Nd (AR) 0.414 0.003 0.967
18 Ft
143Nd/145þ146Nd(AR) 0.852 0.006 0.949
19 Ft
133Cs/137Cs (AR) 1.248 0.005 0.995
20 Ft
135Cs/137Cs (AR) 0.698 0.006 0.988
21 Ft
134Cs/137Cs (ACR) 1.011 0.016 0.996
ACR, activity ratio; AR, atom ratio; Ft, total burnup in GWD/MtU; MR, ratio in weight; r, correlation coefficient.
a D5 (
235U depletion in weight) ¼ W5O/(W5O eW5).
b F5 (
235U fraction burnup in atom% fission) ¼ NO8[(RO5/8 e R5/8) e (R6/8 e RO6/8)].
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enrichment of uranium. The dependency of the 235U/236U
atom ratios on the total burnup measured from the experi-
mental data of Reactors A and B samples with similar initial
enrichment of uranium is plotted in Fig. 3 together with that
calculated by the ORIGEN-S code.
The predicted and measured results were in good agree-
ment, and therefore, the 235U/236U atom ratio can be used as
an estimator for the burnup with good confidence. However,
the dependency of the 242Pu/239Pu atom ratios on the total
burnup measured for the same fuel samples was high
compared with the calculated values within the burnup range
investigated (Fig. 4). It seems that the disagreement between
the experimental data and the calculated data can be attrib-
uted to the accuracy of the nuclear data used in the calcula-
tion, including the neutron flux, neutron spectrum effect, and30 40 50 60
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Fig. 2 e Dependency of 235U atom% on total burnup.other irradiation histories. Another reason for the disagree-
ment is that the calculated data are obtained using the
average burnup values estimated for the fuel rod, whereas the
experimental data are obtained using the local burnup and
isotopic composition for the samples taken locally from the
fuel rod.
3.4.2. Correlation between the burnup and the burnup
parameters
Using the aforementioned burnup parameters various corre-
lations of the burnup with the total burnup (Ft) can be
expressed. In our previous work [15,16], the correlations be-
tween the Pu/U mass ratio and the total burnup, and between
the Pu/U mass ratio and the 235U depletion (D5) in the low
burnup PWR fuel samples were shown. In this work, the4.0 4.5 5.0 5.5 6.0 6.5 7.0
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Fig. 3 e Dependency of 235U/236U atom ratio on total
burnup.
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burnup.
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Fig. 5 e Dependency of 235U/236U atom ratio on 235U
fractional burnup (F5).
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Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 9 2 4e9 3 3930dependences of D5 on the total burnup, and the Pu/U mass
ratio on D5 determined experimentally in the high burnup
PWR fuel samples are expressed by Eqs. (5) and (6) in Table 9,
respectively. All of the correlations between the burnup pa-
rameters and total burnup, and between different burnup
parameters showed good linear dependences.
3.4.3. Correlation between the burnup parameters and heavy
atom isotopes
In our previous work [15], the correlations between D5 and the
235U/238U (or 236U/238U) atom ratios, the 235U (or 236U) atom%
and the Pu/Umass ratios, and the 235U/238U (or 236U/238U) atom
ratios and F5 in the low burnup PWR fuel sampleswere shown.
In this work, the dependences of the 235U (or 236U) atom% on
the Pu/U mass ratios, D5 on the
235U/238U (or 236U/238U) atom
ratios, and the 235U/238U (or 236U/238U, 235U/236U) atom ratios on
F5 determined experimentally in the high burnup PWR fuel
samples are expressed with good linearity by Eqs. (7e13) in
Table 9. These dependences show that the Pu content can be
calculated based on known 235U and 236U percent contents, or
from the known depletion of 235U, and F5 can be calculated
based on known U isotopic ratios. The dependency of
235U/236U atom ratios on F5 from the experimental data of
Reactor B samples with different initial enrichment of ura-
nium is shown in Fig. 5. The results show different linear
dependences according to the initial enrichment of uranium.
3.4.4. Correlation between different heavy atom isotopes
A correlation of the isotopic composition of U determined
experimentally shows that the 236U/238U atom ratio can be
determined from the 235U/238U atom ratio. The dependences
of the 236U and 235U isotopes on the 238U isotope can also be
expressed in the form of the 236U and 235U atom%. The de-
pendency of the 235U atom% on the 236U atom% determined
experimentally is expressed by Eq. (14) in Table 9. The
236U/235U atom ratio versus the 236U/238U atom ratio is plotted
to estimate the initial enrichment. The slope of the line is
related to the initial enrichment. In this work, using the
experimental and calculated data from the Reactor A samples,
the dependency between the 238U/236U and 235U/236U atomratios is shown in Fig. 6. The predicted and measured results
were in agreement with good linearity.
A correlation between the isotopic compositions of U and
Pu (e.g., the 235U/238U atom ratio with the 240Pu/239Pu atom
ratio) is expressed by Eq. (15) in Table 9. Some examples of
other correlations between the U and Pu isotopic ratios are
also shown in Figs. 7e10. Fig. 7 shows the dependency of the
240Pu/239Pu atom ratios on the 242Pu/241Pu atom ratios
measured from experimental data of Reactors A, B, and C
samples with similar initial enrichment of uranium. The re-
sults show different linear dependences according to the
reactor type. Fig. 8 shows the dependency of the 241Pu/239Pu
atom ratios on the 242Pu/240Pu atom ratios measured from the
experimental data of Reactor A samples with a similar initial
enrichment of uranium together with that calculated by the
ORIGEN-S code. Fig. 9 shows the dependency of the 240Pu/239Pu
atom ratios on the 235U/236U atom ratios measured from the
experimental data of Reactors A and B samples with a similar
initial enrichment of uranium togetherwith that calculated by
the ORIGEN-S code. The disagreement of the experimental
results with the calculated results in Figs. 8 and 9 may be
attributed to the accuracy of the nuclear data used in the
calculation including the decay chain and the neutron spec-
trum effect.
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isotopes
Because 148Nd is commonly used as a monitor for the mea-
surement of the amount of fission and burnup, the Nd iso-
topes can easily be used for a correlation at the same time asthe burnup measurement. Some correlation studies involving
Nd isotopes have been reported [4,8]. The correlation of the
143Nd/145þ146Nd atom ratio with the total burnup has a wider
applicability than any of the other correlations previously
discussed. The use of the sum of 145Nd and 146Nd is preferred
to 144Nd because information relative to the decay of 144Ce is
not required. Although the ratio of 145Nd/146Nd varies with
burnup, the contribution of the sum of the 145þ146Nd isotopic
fraction to the total Nd is constant for all levels of burnup in
irradiated fuel.
In this work, the Nd correlations (e.g., the 144Nd/143Nd,
146Nd/145Nd, 148Nd/145Nd, 146Nd/148Nd, 150Nd/148Nd,
143Nd/145þ146Nd, and 148Nd/145þ146Nd atom ratios) are expressed
in Fig. 10 with data based on the total burnup determined by
the 148Nd monitor method. Some examples of the correlations
of these Nd isotopic ratios with total burnup showed linearity
through Eqs. (16e18) in Table 9. The correlation of the
146Nd/145Nd atom ratio with the total burnup measured from
the experimental data of Reactors A and B sampleswith similar
initial enrichments of uranium is also plotted with good line-
arity in Fig. 11 together with those calculated by the ORIGEN-S
code. Therefore, it is possible to determine the burnup of irra-
diated PWR fuel within a few percent of difference from the
correlations based on the Nd isotopic composition. The corre-
lation of the 148Nd/U mass ratio with the total burnup
measured from the experimental data of the Reactors A, B, and
C samples with similar initial enrichments of uranium is
plottedwith a good linearity in Fig. 12. The relation between the
148Nd/Umass ratio and total burnupmeasured experimentally
was very similar to that of the calculation from the ORIGEN-S
code. However, the relation between the Nd/U mass ratio,
which is determined through IDMS, and the total burnup was
different from that of the calculation from the ORIGEN-S code
(Fig. 13). This difference is caused by all the isotopic ratios of Nd
obtained from the experimental results being corrected for the
contribution of contaminationwith natural Nd, while the 142Nd
isotope including the decay chain of 142Pr is not considered in
the calculation.
3.4.6. Correlation between the burnup and cesium isotopes
The production of 134Cs by neutron capturing on 133Cs has long
been recognized as an indicator of neutron fluence, and hence
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Fig. 11 e Dependency of 146Nd/145Nd atom ratio on total
burnup.
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Table 10 e Activity ratios of Cs isotopes in the high
burnup pressurized water reactor fuel samples
determined by the gamma-ray spectrometry.
Activity ratioa K-1 K-2 K-3 O-1 P-1
Cs-134/Cs-137 1.9752 2.0047 1.8208 1.8210 1.6120
a Corrected for elapsed time from the end of irradiation to
measurement.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 9 2 4e9 3 3932burnup. The 134Cs/137Cs atom ratio has received more atten-
tion in isotopic correlation studies than the other Cs isotopes
because both are radioactive and can be measured using
conventional counting techniques. Several correlations of the
134Cs/137Cs atom ratio with various fuel parameters, such as
the burnup, 240Pu production, and Pu/U mass ratio have been
reported [1,2,5,8,10]. In thiswork, to fully explore other isotope35 40 45 50 55 60 65
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Fig. 13 e Dependency of Nd/U mass ratio on total burnup.correlations involving the 133Cs isotope, all of the Cs samples
isolated were analyzed using mass spectrometry. In all cases,
the measured atoms of the radioactive isotopes were cor-
rected for in-pile and out-pile decay. As a result, themeasured
atomic ratios are in good agreement with the calculated
values, which were obtained by correcting the elapsed time
for measurement with the values by the ORIGEN-S code.
That is, the Cs isotopic compositions with burnup are char-
acterized by a decrease of the 133Cs/137Cs atom ratios and an
increase of the 134Cs/137Cs atom ratios. The dependences
of the 133Cs/137Cs and 135Cs/137Cs atom ratios on total burnup
measured experimentally by the 148Nd monitor method are
also expressed with a good linearity by Eqs. (19 and 20) in
Table 9. In addition, Table 10 shows the 134Cs/137Cs activity
ratios in the high burnup PWR fuel sampleswith similar initial
enrichments of uranium determined by the gamma-ray
spectrometric method, which were corrected for elapsed
time from the end of irradiation to measurement. The corre-
lation between the 134Cs/137Cs activity ratios calculated by the
gamma-ray spectrometric methodwith total burnup, which is
determined by the 148Nd method, is also expressed with a
good linearity by Eq. (21) in Table 9.4. Conclusions
A large amount of data including U, Pu, Nd, and Cs isotopic
ratios together with burnup determination have been
collected from different PWR fuels, various correlations have
been tested, and many of them have yielded correlation co-
efficients in excess of 0.95. A number of relationships by U
and Pu isotopic ratios may be used to confirm the stated in-
formation about the fuel (e.g., the reactor type, initial
enrichment). These correlations by chemical analyses can be
used for an estimation of the total burnup, 235U burnup, 235U
depletion, 239Pu buildup, Pu/U distributions, and isotopic
compositions of different elements in the irradiated fuel, and
for a consistency check of postirradiation examination. The
use of all the Nd isotopes in the determination of the burnup
for a nuclear fuel requires no increase in the workload for a
chemical separation or mass spectrometric analysis. The
advantage of considering a whole set of Nd isotopes lies in
confirmation of the burnup value obtained by the 148Nd
monitor and a cross analysis of data by the isotopic corre-
lation. The number of Cs atoms and their isotopic composi-
tions obtained by the IDMS technique can be used to
calibrate those by the radiometric method. Further correla-
tion studies based on other heavy elements, stable fission
products, and radioactive fission products will be performed
in the future.
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